Background: Abnormalities in circadian rhythms may be causal factors in development of major depressive disorder. The biology underlying a causal relationship between circadian rhythm disturbances and depression is slowly being unraveled. Although there is no direct evidence of dysregulation of clock gene expression in depressive patients, many studies have reported single-nucleotide polymorphisms in clock genes in these patients. Methods: In the present study we investigated whether a depression-like state in rats is associated with alternations of the diurnal expression of clock genes. The validated chronic mild stress (CMS) animal model of depression was used to investigate rhythmic expression of three clock genes: period genes 1 and 2 (Per1 and Per2) and Bmal1. Brain and liver tissue was collected from 96 animals after 3.5 weeks of CMS (48 control and 48 depression-like rats) at a 4 h sampling interval within 24 h. We quantified expression of clock genes on brain sections in the prefrontal cortex, nucleus accumbens, pineal gland, suprachiasmatic nucleus, substantia nigra, amygdala, ventral tegmental area, subfields of the hippocampus, and the lateral habenula using in situ hybridization histochemistry. Expression of clock genes in the liver was monitored by real-time quantitative polymerase chain reaction (PCR). Results: We found that the effect of CMS on clock gene expression was selective and region specific. Per1 exhibits a robust diurnal rhythm in most regions of interest, whereas Bmal1 and in particular Per2 were susceptible to CMS.
Introduction
Major depressive disorder is a condition with high prevalence in modern society. According to the World Health Organization, depression is currently ranked in the top five of the ten leading causes of the global burden of disease. The pathophysiology is complex and involves many brain regions. Furthermore, the symptomatology is heterogeneous and inconsistent. The core symptoms are anhedonia (lack of feeling pleasure) and depressed mood. Minor symptoms are irritability, difficulties in concentrating, feelings of worthlessness, guilt, agitation, and sleep disturbances (Kroenke et al., 2003) .
Individuals that have an inherited abnormally-shifted or arrhythmic biological clock have a higher risk of becoming depressed (McClung, 2007) . Jet lag and shift work conditions, disrupting the internal homeostasis, are also linked to major depressive disorder (Katz et al., 2002) . Moreover, circadian manipulations, such as total sleep deprivation and bright light therapy, can reverse depressive symptoms within hours (Bunney and Potkin, 2008) . Therefore, abnormalities in the circadian rhythm have been suggested to be a causal factor in the development of major depressive disorder.
Physiological and behavioral processes are governed by the master clock, the suprachiasmatic nucleus (SCN), located in the anterior part of the hypothalamus (Reppert and Weaver, 2002) . Each cell in the SCN clock has a self-sustained molecular oscillator, which generates a rhythmic clock gene expression with a periodicity of about 24 h (Reppert and Weaver, 2001 ). The individual neurons in the SCN are synchronized to a functional clock that drives circadian rhythms. Furthermore, the SCN clock receives daily information about environmental light and dark via a monosynaptic pathway from the retinal ganglion cells (Do and Yau, 2010) .
Circadian oscillators are also present elsewhere in the central nervous system and in peripheral tissues, including the liver (Ramsey et al., 2007) . Approximately 20 clock genes have been characterized, including the key genes such as period genes (Per) 1, 2, and 3, the cryptochrome genes 1 and 2, and brain and muscle arnt-like protein-1 (Bmal1/Aryl hydrocarbon receptor nuclear translocator-like [ARNTL1]).
The current study is based on the chronic mild stress (CMS) rat model of depression, which is a substantially validated model (Willner, 2005; Wiborg, 2013) . It builds on the notion that exposure to unpredictable mild stress causes a reduction in the voluntary intake of a palatable solution of sucrose. Reduced sucrose intake is believed to be the consequence of a decrease in responsiveness to rewarding stimuli, mimicking the clinical core symptom of depression, anhedonia (Willner et al., 1987) .
The diurnal rhythm of classical phase markers-melatonin, corticosterone, and core body temperature-has been shown to be abnormally regulated in anhedonic-like rats (Solberg et al., 2001; Ushijima et al., 2006; Christiansen et al., 2016) . This finding may suggest underlying differences in the expression of core clock genes. To investigate this relationship further, we examined whether a stress-induced depression-like state was associate with changes in the rhythm of gene expression in subregions of the brain and in the liver. With this study we present for the first time a 24 h expression profile analysis of three core clock genes in rats exposed to chronic mild stress.
Methods

Animals
Male Wistar rats were purchased from Taconic (6 weeks old, 120 g). During the CMS protocol the animals were housed separately, except when grouping was applied as a stress parameter. Food and water was available ad libitum with an exception when food and/or water deprivation was applied as a stressor. Furthermore, the standard 12 h light/dark cycle was only changed in course of the stress regime.
Sucrose Consumption Test
Sucrose consumption tests were performed as described previously (Christiansen et al., 2012) . The rats were habituated to consume 1.5% sucrose solution during 1 h weekly. Subsequently, the sucrose consumption test was performed once a week during the experiment. The first three measurements prior to CMS exposure established the baseline sucrose intake. Both the control and the CMS animals were food and water deprived for 14 h prior to the sucrose consumption test. The sucrose index was used to characterize the individual hedonic status and was calculated for each measurement as a ratio between a current value of sucrose consumption test and the averaged baseline value. After 3.5 weeks of CMS exposure, anhedonic-like rats were selected based on a >30% decrease in sucrose consumption: 48 of them were used in the current study as well as 48 rats from the control group not challenged by stressors.
Chronic Mild Stress Model
In short, the weekly stress protocol consisted of: one period of intermittent illumination, stroboscopic light, grouping, food or water deprivation, two periods of soiled cage and no stress, and three periods of box tilting (Figure 1 , modified from Christiansen Hojgaard et al. [2016] ). During grouping, rats were housed in pairs with different partners alternately serving as resident or intruder. All stressors lasted 10-14h. To minimize phase-shifting effects in the circadian system evoked by some of the individual stressors used in the original CMS protocol, changes were induced. 
Experimental Design
After adaptation to the animal facility and to sucrose consumption tests, the animals were randomly divided in two matched groups: stress unchallenged control and CMS. The animals used in the current study were selected based on their sucrose intake by the third week of CMS exposure (Figure 2A) .
After 3.5 weeks of CMS, eight animals from the control group and eight animals from the anhedonic-like group were killed by decapitation every 4 h at the following zeitgeber times (ZTs): 2, 6, 10, 14, 18, and 22 ( Figure 2B ). Decapitation was initiated at ZT 22 (Figure 1 ).
Brain and liver tissues were removed, frozen on dry ice, and stored in -80
• C until further processing. Handling and decapitation of the experimental animals during the dark phase was performed under dim red light. The total time of the procedure did not exceed 5 min.
In Situ Hybridization Histochemistry
Frozen brains were cut in 12 µm thick coronal sections as consecutive series of ten on a cryostat (Leica, 3050 CS) at -20
The following regions of interest were chosen: prefrontal cortex (infralimbic cortex) and shell of nucleus accumbens (bregma: 2.70 mm); SCN (bregma:-1.30 mm); hippocampus (CA1, CA3, and DG), lateral habenula, and the basolateral amygdala (bregma:-3.30 mm); substantia nigra,pars compacta and the ventral tegmental (bregma:-5.60 mm); and pineal gland (bregma:-8.30 mm; Figure 3 ). The sections were mounted on superfrost plus glass slides immediately after sectioning. In situ hybridization histochemistry was performed using our previously described 33 P-labelled sense and antisense c-RNA probes for vasoactive intestinal polypeptide, Per1, Per2 and Bmal1 (Nielsen et al., 1998; Fahrenkrug et al., 2008) .
Briefly, slides were adjusted to room temperature and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 20 min. Following PBS washing procedure, sections were permeabilised in 0.5 % triton X in PBS, and acetylated in 0.1 triethanolamine for 10 min. After consequent washing, the sections were incubated at 60
• C overnight with a hybridization buffer containing 1 x 10 7 c.p.m./ml of the ( 33 P) UTP cRNA antisense probes. At the end, slides were rinsed in a gradient of sodium citrate saline, dehydrated in the ethanol gradient, and dried on air.
Finally, the sections were visualized on BioMax MR Film (Kodak) by 2 to 10 days of exposure. The intensity of the mRNA signal was evaluated by measurements of optical density for Per1, Per2, and Bmal1 expression using the ImageJ analyzing software (NIH). Measurements were performed on the left hemisphere, except for the SCN and the lateral habenula, where both hemispheres were used. Vasoactive intestinal polypeptide was used as a localization marker to evaluate expression in the SCN (data not shown).
Data are expressed as optical densities according to values calibrated with a 14 C standard as references (Amersham). The level of mRNA in each brain was estimated by calculating the mean optical density from three sections. The calculated mean of these measurements was used to calculate the group mean and standard error of the mean (n = 8 in each group except for pineal gland where n = 5-8). Measurements obtained from the individual sections were corrected for nonspecific background 
CGTGCTTGCCATTCAGAAAA GAAGTTGGGCTTCCCATTCTC by subtracting grey scale values from neighboring areas considered free of positive hybridization RNA Extraction, cDNA Synthesis, and Real-Time PCR Quantification RNA extraction, cDNA synthesis, and the PCR reactions were performed as previously described (Fahrenkrug et al., 2006) . Briefly, total liver RNA was extracted by the guanidinium thiocyanate-phenol-chloroform (TRIzol RNA isolation reagent) method (Chomczynski and Sacchi, 1987) . RNA integrity was quantified by 28S/18S RNA ratio using Experion RNA StdSens Analysis Kit with the Experion Automated Electrophoreses System (Bio-Rad). RNA purity and concentration were determined by NanoDrop 1000 Spectrophotometer (Thermo Scientific). One µg of liver RNA was used for synthesis of cDNA using Taqman reverse transcription reagents (Applied Biosystems) in a total volume of 20 µl. The pooled cDNA was used to construct the standard curves. The quantitative PCR was performed using a MX3000 Quantitative PCR System (Strategene) with Per1, Per2, Bmal1, and β 2 M primers and Taqman probes (Eurofin MWG Operon; Tables  1 and 2 ). It was verified that the amount of mRNA β 2 M, used as internal control, did not vary as function of time (data not shown). The multiplex principle was used to measure expression levels of gene of interest and the reference gene in the same well. All samples, standards, and the non-template-negative controls were made in duplicates in a final volume of 50 µl. The Taqman universal PCR master mix (Applied Biosystems) was used to run qPCRs.
Statistical Analysis
All data were analyzed for normal distribution and presented as mean ± standard error of the mean (SEM). Data were analyzed using two-way ANOVA with CMS/stress factor (control vs. anhedonic-like) and ZT (zeitgeber 2, 6, 10, 14, 18, 22) as independent factors using statistical and data analysis package XLSTAT2010 (Addinsoft). Significance in differences by ZT as a main factor corresponds to the presence of diurnal rhythmic changes in the clock genes of interest. Bonferroni´s post hoc test was used for multiple comparisons in all tests. p < 0.05 was considered statistically significant.
Ethics
All the procedures involving animals are accepted by the Danish National Committee for Ethics in Animals Experimentation (Project ID: 2013 -15-2934 .
Results
Sucrose Consumption Data
The stress-induced anhedonic-like state was assessed by the sucrose consumption test. Figure 4 shows the weekly sucrose intake for control and anhedonic-like rats during 3 weeks of CMS paradigm. Rats responding to the CMS paradigm by decreasing their sucrose intake more than 30% compared to baseline were designated as anhedonic-like. Therefore, all animals with an average sucrose index below 0.7 were classified as anhedonic-like.
Baseline sucrose intake in the control group was 14.80 ml ± 0.45 ml versus 15.97 ml ± 0.39 ml in the anhedonic-like group. The decrease in sucrose intake in the anhedonic-like group was consistent throughout the experiment.
Expression of Clock Genes in Sub Regions of the Brain
Using in situ hybridization histochemistry, we examined the diurnal rhythm of gene expression of the three key clock genes Per1, Per2, and Bmal1 in eleven sub-regions of the brain believed to be implicated in major depressive disorder.
Expression of clock genes in the prefrontal cortex did not follow a diurnal rhythm ( Figure 5A ) and two-way ANOVA did not reveal any significant effect of CMS, time, or their interaction in any of the three genes in this region (Table 3) .
Expression of Per1 and Bmal1, but not Per2, in the pineal gland was found by two-way ANOVA to follow a diurnal rhythm 
Gene
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HEX -TCCCCAAATTCAAGTGTACTCTCGCCATC -TAMRA (Table 3) . Evidently a diurnal rhythmicity was observed in both groups of animals ( Figure 6A , B, and C). Per1 expression was higher during the offset of light phase to onset of dark phase and in antiphase with Bmal1 that was higher during the offset of dark phase to the onset of light phase ( Figure 5B ). The time points for peak and nadir expressions in both groups were shown in Table 4 . In the SCN, a pronounced diurnal rhythm of clock gene expression was observed in both groups for all three genes analyzed in the study ( Figures 5C and 7A , B, and C). Two-way ANOVA revealed a significant effect of time with no difference between CMS and their interaction (Table 3) . Peak level of Per1 in the anhedonic-like group was found at the same time point as in the control group (Table 4) . Although the ANOVA-test did not show any significant interaction between stress factor and time, mean peak value for Per2 was 4 hours earlier in the anhedonic-like group compared to control animals. For Bmal1 peak value occurred 4 hours later compared to control rats (Table 4) .
In substantia nigra, the expression level of Per1 and Per2 was low and expression of Bmal1 was undetectable ( Figure 5D ). The two-way ANOVA did not reveal any significant differences between groups, time, or their interaction (Table 3) . Clock gene expression in the nucleus accumbens was calculated by two-way ANOVA and revealed a significant effect of groups, time, and their interaction for Bmal1, but not for Per1 and Per2 ( Figure 5E ; Table 3 ). Lack of rhythmicity in the expression of the Per1 gene may be explained by the large SEM.
In the hippocampal CA1 area, differences between groups and time in Per1 expression were confirmed by the two-way ANOVA test with lower values of expression in the anhedoniclike group (Table 3 ). The two-way ANOVA indicated a difference between groups (Table 3 ) with increased expression of Per2 in the anhedonic-like group. For Bmal1 no significant differences were observed ( Figures 8A and 9A , B, and C). Figure 8 (B and C) demonstrates expression of clock genes in the CA3 and dentate gyrus regions of the hippocampus. Two-way ANOVA revealed differences with main effect of time for Per1 and main effect of groups for Per2 in both regions. Differences in expression of Bmal1 were insignificant (Table 3) . ZTs for peak and nadir expression are shown in Table 4 .
An effect of CMS on expression of clock genes in the lateral habenula was observed only as significant differences in the expression of Per2 between groups, thus anhedonic-like rats demonstrated an increased level of expression ( Figure 8D ; Table 3 ).
Optical density was very low to non-detectable in the ventral tegmental area and and in the basolateral amygdala (data not shown).
Hepatic Clock Gene Expression
Using q-PCR we measured the diurnal rhythm of gene expression of Per1, Per2, and Bmal1 in the liver of control and anhedoniclike rats (Figure 10 ). All clock genes were expressed in a rhythmic manner. Both groups displayed peak and nadir values at the same ZT for each of the three clock genes (Table 4) . Expressions of Per1 and Per2 were in antiphase to Bmal1. Statistical analysis for Per1 expression in the liver revealed an effect of time, but no differences between groups or their interaction. Per2 and Bmal1 were also expressed in a rhythmic manner and significantly different between groups (Table 5) .
Discussion
In the present study we show the 24 h rhythm (measured at 4 h intervals) of three core clock genes in regions of the rat brain believed to be implicated in the depression-like state. Furthermore, we measured expression of the same clock genes in the liver. Our study found that clock genes in sub-regions of the hippocampal formation, the nucleus accumbens, and the liver were mostly affected by the stress paradigm. In general, the Per1 gene was mainly unaffected by the stress regime, whereas Bmal1 and Per2 were more stress susceptible. An important study published in 2013 first demonstrated dysfunctioning clock genes in brains from depressed humans compared to controls . Involvement of the clock genes in depression is also evident from several genetic studies. It has been reported that polymorphisms of clock genes is manifested in depressed patients (Partonen et al., 2007; Kripke et al., 2009; Wang et al., 2012; Kovanen et al., 2013; Hua et al., 2014; Shi et al., 2016) .
From animal models, the clock genes have also been linked to depression-like behavior. Strong evidence is found in recent papers showing that SCN-specific Bmal1 knockdown mice exhibit depression-like behavior (Landgraf et al., 2016) and anhedonic-like behavior is observed in cryptochrome-deficient mice (Savalli et al., 2015) . Further, studies have been published investigating the effect of stress on the expression of clock genes in rodents. However, different stressors were applied, such as posttraumatic stress disorder (Koresh et al., 2012) , severe stressors (chronic unpredictable stress; Jiang et al., 2013) , and systemic glucocorticoid administration and restraint stress (Al-Safadi et al., 2014) . Furthermore, the use of different strains of animals (Erburu et al., 2015; Schaufler et al., 2016) and time points of day for decapitation makes it difficult to compare our results with these studies.
The CMS model is a well-established rat model of depression and has high face, predictive, and construct validity (Willner et al., 1992) . However, when using this model to study chronobiology, it has to be noted that the CMS paradigm involves manipulating factors known as essential zeitgebers. In the current study, anhedonic-like rats were deprived of food twice a week. Since food is a known zeitgeber, this could pose a confounding factor on clock gene expression. Normally the feeding-fasting cycles are in phase with the rest-activity cycles. Therefore, rodents fed exclusively during the active period display a similar rhythmicity of liver gene expression compared to rodents fed ad libitum (Balsalobre et al., 2000; Le Minh et al., 2001) . Further, it is only imposed meal times and temporally restricted feeding that are potent synchronizers for secondary clocks in peripheral organs such as the liver and in brain regions (for review see Challet and Mendoza [2010] ). The CMS model relies on unpredictable stressors, therefore it is unlikely that nighttime food deprivation can take over as a zeitgeber.
A second zeitgeber potentially posing a problem for the present study was the light manipulations. However, to avoid this possible confounder, light manipulations were replaced by repeating other stressors in the final part of the study (see Figure 1) . We argue that the measured disturbances in gene expression were induced by the combined stress load and not an effect of any individual stressor. In addition, light is known to shift the phase and we did not observe any shifting indicative for any influence of light manipulation. However, one cannot reject that the alternations of expression pattern could be due to acute stress. To exclude this possibility a separate study that examines circadian clock genes after acute stress influence is needed.
The SCN is considered the master clock of the body that hierarchically maintains stable phase relationships between endogenous rhythms and the cycle of light. One would therefore expect such a mechanism to be relatively stress insensitive. However, studies on the effect of stress on circadian oscillations are in disagreement. Some studies show that SCN is well protected against environmental disturbances (Meerlo et al., 2002; Liu et al., 2007) while other results indicate that stress is capable of perturbing the central circadian oscillator in the SCN (Jiang et al., 2011; Kerman et al., 2012) .
The present study showed that the rhythm of clock gene expression was conserved in the SCN after stress exposure. However, changes in the mean time of peak were indicated for Per2 and Baml1. In agreement with other studies, a clear diurnal rhythm was observed for Per1, Per2, and Bmal1 expression with the peak and nadir of Per1 and Per2 in antiphase with Bmal1 Girotti et al., 2009) .
Comparing the expression levels between control and anhedonic-like rats showed that the expression pattern of Per1 in the SCN in both groups was almost identical, indicating Per1 is a very stable gene for maintaining the circadian rhythm. This is in line with a study showing that, following jet lag, the expression of Per1 re-entrains faster in the SCN than in any of the other examined tissues (Yamazaki et al., 2000) . Moreover, Gilhoolet et al. (2011) showed that clamping the plasma corticosterone level did not alter expression of Per1 in the SCN, further supporting that Per1 is resistant to stress effects. The prefrontal cortex is profoundly involved in sleep processes (Womack et al., 2013 ). Our findings demonstrate that the clock genes we studied are strongly expressed in the prefrontal cortex and, notably, they do not follow a diurnal rhythm ( Figure 5A ). This is in contrast to previously published data (Li et al., 2010; Edgar and McClung, 2013; Li et al., 2013; Erburu et al., 2015) . However, the discrepancy probably relates to differences in the identity of the sub-regions being investigated. In our study, we analyzed the pre-limbic area of the prefrontal cortex, while related studies were referring to the entire prefrontal cortex.
A robust Per1 expression pattern was also demonstrated in specific subfields of the hippocampal formation, whereas Per2 was affected by CMS in all subfields ( Figure 6A-C) . Thus, a plausible mechanism whereby CMS alters the diurnal pattern of the classical phase markers, the extra SCN oscillators, and hepatics clock genes, without fundamentally altering the SCN rhythm, is by limbic regulation of the HPA axis function. Normally, the hippocampus has an inhibitory effect on the secretion of glucocorticoids, which is regulated by the HPA axis (Herman et al., 2005) , and hyperactivity of the HPA axis in patients suffering from major depressive disorder is one of the most consistent findings in major depressive disorder (Pariante and Miller, 2001) . Glucocorticoids are well known to affect the metabolic processes and to entrain the circadian rhythm in the peripheral organs such as the liver (Balsalobre et al., 2000) . Our results are in agreement with this observation: in the liver Per2 and Bmal1 were significantly affected by the CMS regime, however, expression of Per1 was not significantly different from the control group. where ZT 0 is defined as a time point when light in facilities is on.
-= no diurnal rhythm measured by two-way ANOVA.
Furthermore, our study indicates a main role of the hippocampus as one of the primary stress targets affecting the expression rhythmicity of clock-related genes. However, in the present study the rhythmical expression of clock genes in the hippocampus was only significant for Per1. Rhythmic expression of Per2 and Bmal1 was not statistically significant. Rhythmicity of clock gene expression in the hippocampus has, however, been stated by other groups: in rodents (NavigatoreFonzo et al., 2014) and humans .
Neurons localized in the SCN project to the pineal gland, the major site of melatonin synthesis (Kalsbeek et al., 2006) . In major depressive disorder an abnormal rhythm of melatonin secretion is a prominent feature (Srinivasan et al., 2006) . In our study the expression pattern of clock genes in the pineal gland was not affected by the CMS. The rhythm of expression of Per1 and Bmal1 in the pineal gland follows the rhythm of melatonin secretion. These results indicate that the clock genes do not affect the level of melatonin secretion. Thus it is likely that only light can affect the secretion of melatonin, further supporting melatonin as being a very stable proxy or marker of the circadian rhythm.
The pineal gland is connected to the lateral habenula, a structure that, according to anatomical and physiological studies, has been suggested to be implicated in the circadian timing system in rodents. (Tavakoli-Nezhad and Schwartz, 2006) . The lateral habenula has therefore been suggested as a structure linking circadian rhythm abnormalities to mood alternations. In the present study, the analysis of clock gene expression in the lateral habenula confirms the stress-sensitive nature of Per2 expression, also reported in models manipulating the level of corticosterone (Segall et al., 2006; Segall and Amir, 2010; Logan et al., 2015) .
The substantia nigra and the nucleus accumbens are key sub-regions involved in regulation of the dopaminergic system. Depression is frequently associated with a deficiency of dopamine (Dailly et al., 2004) . Dopamine-producing neurons residing in these areas (Ungerstedt, 1971) are an important component of the reward system (Baik, 2013) . We therefore investigated whether the anhedonic-like state affects the level of clock gene expression in the substantia nigra and the nucleus accumbens. In the substantia nigra, Per1 and Per2 are expressed in the two areas, but not in a statistically significant rhythmic manner. The level of Bmal1 is not detectable in the substantia nigra; however, in the nucleus accumbens the expression of Bmal1 is strongly affected by the CMS paradigm in the anhedonic-like rats. The expression pattern of the Bmal1 gene in the nucleus accumbens is in agreement with the literature (Masubuchi et al., 2000) and further indicates the involvement of the reward system in the depression-like state of CMS animals Lastly, signal intensity of the clock genes is not equally strong in the different areas of the brain. In agreement with the literature, we measured strong signal intensities in the SCN and the hippocampus, while low to non-detectable signal intensities were measured in the ventral tegmental area and in the basolateral part of the amygdala. These data may further indicate the sub-oscillators that are most dominant for synchronizing the circadian rhythm.
In conclusion, our data provide evidence for altered expression pattern of clock genes, mainly Per2 and Bmal1, in sub-oscillators of the rat brain and in the liver. Since the development of an anhedonic-like condition is associated with alterations in clock gene expression, a normalization of this pattern is likely to be essential for the recovery from the pathological state. 
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